Summary. The aim of our study was to evaluate left ventricular (LV) longitudinal
Introduction
Chronic aortic regurgitation (AR) is characterized by left ventricular (LV) dilatation caused by diastolic LV volume overload and formation of ellipsoidal LV cavity along the long axis (1) (2) (3) .
In the LV myocardial wall, the myofiber geometry changes from a right-handed helix in the subendocardium to a left-handed helix in the subepicardium (4) . In the midwall of the left ventricle, fibers are aligned circumferentially (5) . All the layers of the myocardium play a role in effective LV pump function.
Previously, the long-axis function in most of cases was assessed by M-mode echocardiography in the measurements of mitral annulus excursions or tissue Doppler echocardiography in the measurements of myocardium velocity (6) (7) (8) (9) , which can detect early myocardial dysfunction in asymptomatic patients with severe AR (10, 11) . In the last decade, new echocardiographic modalities, such as strain (deformation) analysis, have been developed, which is considered one of the methods for quantifying global and regional myocardial function. Strain is currently measured by two methods: tissue Doppler imaging and speckle-tracking echocardiography (12, 13) . The latter method enables the assessment of strain parameters in different directions and rotational LV function. There are scarce data in the literature where LV function was assessed by speckle-tracking echocardiography in patients with chronic AR. LV dilation can determine the changes of different LV motion forms and their impact on LV ejection and filling in AR.
The aim of our study was to evaluate LV longitudinal, radial, and rotational function and its relationship with the conventional LV parameters of systolic and diastolic function in patients with AR by speckle-tracking echocardiography.
Materials and Methods
Study Population. The study population comprised 88 participants: 26 patients with moderate AR, 34 patients with severe AR, and 28 healthy subjects (control group). Severity of AR was assessed according to the recommendations for evaluation of the severity of native valvular regurgitation with 2-dimensional and Doppler echocardiography (14) .
The patients were recruited from the inpatient and outpatient Departments of Cardiology, Hospital of Lithuanian University of Health Sciences. The control group consisted of healthy volunteers who had no history of any cardiac disease and serious noncardiac disease, were normotensive, and had no ischemic signs on resting ECG. A total of 32 investigated persons were excluded from the study due to inadequate quality of echocardiographic images to be included into speckle-tracking analysis.
All the patients provided written informed consent for participation in the study. Procedures were approved by the Local Ethics Committee.
Echocardiography. Both conventional echocardiography and speckle-tracking echocardiography were performed using Vivid 7 (GE-Vingmed Ultrasound AS, Horten, Norway) with an M3S transducer. All images were acquired by a single cardiologist with the subject lying in the left lateral decubitus position. Standard transthoracic echocardiographic measurements were performed according to the guidelines of the American Society of Echocardiography (15) , and LV mass was derived from the Devereux-modified cube formula. Transmitral and aortic flows were recorded using pulsed Doppler echocardiography. The sample volume with a fixed length of 2.0 mm was placed between the tips of the mitral leaflets and at the level of the LV outflow tract, respectively. Averaged pulsed-wave spectral tissue Doppler values of the septal, anterior, lateral, and inferior sides of the mitral annulus were used for the assessment of peak early diastolic mitral annular velocity (E'). Frame rate was adjusted between 50-90 frames/s, and the cine-loop of 3 consecutive beats was stored for offline speckle-tracking analysis (EchoPac PC, GE Vingmed). Images were acquired during end-expiratory apnea. Apical 4-chamber and 2-chamber views were used for longitudinal strain analysis. Parasternal short-axis views at the base (at the tips of the mitral valve leaflets), at the level of papillary muscles, and at the apex (with the minimal circular LV cavity at end-systole) were used for radial strain and rotation analysis.
Before speckle-tracking analysis, the timings of aortic and mitral valve opening and closure were assessed using pulsed-wave Doppler recordings of aortic and transmitral flows. The interval between two subsequent closures of the mitral valve was used for regional strain and rotation analysis.
LV endocardium was traced at end systole, and then the software-generated region of the interest was adjusted to an optimal width of myocardial wall. In each echocardiographic view, the myocardium was automatically divided into 6 segments. The apical short-axis view was manually adjusted to 4 myocardial segments. The results of softwaregenerated acceptable tracking were approved manually. The deformation and rotation values of each segment were collected from the result window. The peak systolic values of strains and rotation were used for analysis. The longitudinal strain was calculated as a longitudinal strain average of the septal, lateral, anterior, and inferior LV walls. The radial strain was calculated as a strain average at the basal, midventricular, and apical levels. In the same way, the longitudinal and radial systolic and diastolic strain rates and systolic and diastolic rotation rates were calculated. For the analysis, diastolic strain and rotation rate at early diastolic LV filling were used.
LV twist was calculated as the net difference between LV rotation angles obtained from basal (clockwise) and apical (counterclockwise) short-axis planes. LV torsion was calculated as the LV twist normalized with respect to ventricular diastolic longitudinal length between the LV apex and the mitral plane ([apical LV rotation -basal LV rotation]/LV diastolic longitudinal length).
Statistical Analysis. The data were analyzed using the SPSS statistical software (SPSS v.15.0 for Windows, SPSS. Inc., Chicago, IL, USA). Continuous variables are presented as mean (SD). Continuous variables were compared using one-way analysis of variance, and the Fisher test was applied for the post hoc comparison. The chi-square test was used to determine differences in categorical variables. To measure the strength of an association between 2 continuous variables, the Pearson correlation was employed. Left ventricular end-systolic diameter, systolic basal and apical rotation, and systolic longitudinal and radial strain were included into multiple forward regression analysis to determine the independent predictors of LV ejection fraction in AR patients. Determinants of the E/A ratio (early diastolic transmitral flow velocity [E] and atrial systolic velocity [A] ratio) and E' were explored by entering left ventricular end-diastolic diameter, left atrium anteroposterior diameter, myocardial mass, systolic basal and apical rotation, systolic longitudinal and radial strain, left ventricular twist and torsion, systolic and early diastolic rate of basal and apical rotation, radial and longitudinal strain into forward multiple regression analysis. Determinants of the E' and E/E' ratio (early diastolic transmitral flow velocity [E] and early diastolic mitral annular velocity [E'] ratio) were explored by entering LV end-diastolic diameter, left atrium anteroposterior diameter, myocardial mass, systolic basal rotation, LV torsion, systolic longitudinal strain, systolic basal rotation rate, systolic and early diastolic longitudinal strain rates into forward multiple regression analysis. A P value of <0.05 was considered statisti-cally significant.
Intraobserver variability was assessed for the measurements of systolic longitudinal strain in the septal and lateral walls, systolic radial strain at the basal and apical levels, and systolic rotation at the basal and apical levels in 15 randomly selected subjects using intraclass correlation coefficients and Bland-Altman plot.
Results
The demographic, clinical, and conventional echocardiographic data of AR patients and healthy controls are shown in Table 1 . There were no significant differences in age, gender, heart rate, and diastolic blood pressure during the study comparing the groups. Systolic blood pressure was higher in the patients with severe AR. All the patients with moderate AR were free of heart failure symptoms, whereas only 6 patients with severe AR were asymptomatic. The proportion of patients with moderate mitral regurgitation was greater in the severe AR group than moderate AR group. LV end-diastolic and end-systolic diameter, end-diastolic and endsystolic length, and end-diastolic volume were significantly greater in both the groups of patients with AR. LV end-systolic volume was significantly greater and LV ejection fraction was significantly lower in the patients with severe AR compared with the control group and patients with moderate AR. No significant differences in early diastolic transmitral flow velocity (E) and its ratio (E/A) with atrial systolic velocity (A) were documented comparing the groups, while early diastolic mitral annular velocity (E') was significantly lower in the patients with moderate and severe AR than the healthy subjects.
A significant reduction in the systolic longitudinal strain was documented in the patients with moderate and severe AR as compared with the control group (P<0.05 and P=0.003, respectively) ( Table 2 ). Systolic and diastolic longitudinal strain rates were reduced in both AR groups as well. Systolic radial strain was significantly lower in the patients with severe AR compared with the control patients and patients with moderate AR. There were no significant AR, aortic regurgitation; LV, left ventricle; E, early diastolic transmitral flow velocity; E/A, early diastolic transmitral flow velocity (E) and atrial systolic velocity (A) ratio, E', early diastolic mitral annular velocity. *P<0.05, compared with the control patients; †P<0.05, compared with the moderate AR group; ‡P<0.05, compared with the moderate AR group using chi-square test. Table 1 . Demographic, Clinical, and Conventional Echocardiographic Data of the Study Population differences in the systolic radial strain rate comparing all the groups, while the diastolic strain rate was lower in the patients with moderate and severe AR than the control group. The systolic basal rotation was found to be reduced in the patients with severe AR (P=0.008), but the rotation at the apical level in the patients with moderate AR was greater than in the control group (P=0.02). Respectively, reduced systolic and diastolic basal rotation rates in the severe AR group and increased systolic apical rotation rate in the moderate AR group were found as compared with the control group. There were no significant differences in the LV twist and torsion comparing the groups. Summarized differences in the LV deformation and rotation comparing the groups are shown in Fig. 1 .
In the control group, volumetric and diastolic LV function parameters predominantly correlated with rotational indices (Table 3) . Contrarily, in the patients with AR, volumetric LV parameters and LV ejection fraction additionally correlated with longitudinal and radial strain, and E/E' had a relationship with systolic and diastolic longitudinal strain indices. Correlation analysis showed that greater volumetric LV parameters and E/E' ratio, and lower LV ejection fraction had a relationship with less expressed mechanical parameters. Fig. 2 the global longitudinal and radial strain, and LV end-systolic diameter as independent predictors of LV ejection fraction in all patients with AR and patients with severe AR (R 2 =0.77 and R 2 =0.85, respectively) ( Table 4 ). The systolic apical rotation rate was an independent predictor of E/A ratio for the control patients (R 2 =0.26); early diastolic longitudinal strain rate, for the patients with moderate AR (R 2 =0.55); and left atrium diameter, diastolic longitudinal strain rate, diastolic apical rotation rate, and systolic basal rotation rate, for the patients with severe AR (R 2 =0.86) ( rotation in the control patients and early diastolic longitudinal strain rate in the patients with moderate and severe AR were independent predictors of E' (R 2 =0.38, R 2 =0.39, and R 2 =0.33, respectively) ( Table 6 ). The E/E' ratio was predicted by the systolic basal rotation in the control patients, by the early diastolic longitudinal strain rate in the patients with moderate AR, and by the systolic longitudinal strain in the patients with severe AR (R 2 =0.32, R 2 =0.32, and R 2 =0.35, respectively). Reproducibility. For intraobserver variability, LV endocardium was retraced for analysis in a different cardiac cycle.
Using a two-way random-effect model for absolute agreement, strong intraobserver correlations were documented for the measurements of systolic longitudinal strain (ICC, 0.85; 95% CI, 0.72-0.92), systolic radial strain (ICC, 0.94; 95% CI, 0.88-0.97), systolic apical rotation (ICC, 0.87; 95% CI, 0.68-0.95), and systolic basal rotation (ICC, 0.72; 95% CI, 0.38-0.89).
Bland-Altman analysis showed that the 95% limits of agreement for the intraobserver variation were the best for longitudinal strain measurements (-3.6% to 2.3%) and the worst for radial strain measurements (-12.7% to 11.8%)
Discussion
The main finding of our study is that LV longaxis systolic dysfunction in moderate asymptomatic AR patients with normal LV ejection fraction and without severe LV dilation and was found to be associated with increased systolic apical rotation. The systolic basal rotation and systolic radial LV function were significantly reduced in severe AR with reduced LV ejection fraction. Signs of diastolic LV dysfunction and its relationship with LV mechanics in systole were observed in moderate AR with good LV ejection fraction.
Subendocardial LV myocardial fibers are aligned longitudinally and connected with the mitral annulus (16) . This layer of myocardium is more sensitive to ischemia, which is common in chronic volume overload in AR; thus, long-axis function of the LV may be abnormal in patients with AR without clinical symptoms (11) . Our study showed reduced LV longitudinal axis function assessed by speckletracking echocardiography in moderate AR with preserved LV ejection fraction.
LV remodeling occurring in chronic volume overload is characterized by eccentric hypertrophy, LV chamber dilatation, and initially normal contractile function. LV systolic function may remain rela- end-diastolic diameter, left atrium anteroposterior diameter, myocardial mass, systolic basal and apical rotation, systolic longitudinal and radial strain, left ventricular twist and torsion, systolic and early diastolic rates of basal and apical rotation, and radial and longitudinal strain were included into analysis. AR, aortic regurgitation; E/A, early diastolic transmitral flow velocity (E) and atrial systolic velocity (A) ratio; NS, not significant. *P<0.05; †P<0.001. tively unaffected due to preserved radial, circumferential, and rotational LV function in systole (13, 17) . According to our data, asymptomatic patients with moderate AR showed an increased apical rotation without significant changes in the radial deformation. This shows that LV rotation and radial LV contraction may play a compensatory role in maintaining the normal LV ejection fraction in the presence of incipient long-axis dysfunction in moderate AR. Only in more advanced severe AR, a significant radial dysfunction was observed as well as a significant deterioration of rotational function at the basal LV level and a significantly reduced LV ejection fraction. Physiologically, preload with higher end-diastolic volumes produces higher LV twist (18) . According to our data, the LV twist increased minimally in moderate AR due to a more markedly increased apical rotation and a slightly reduced basal LV rotation. This may be related to progressive LV dilatation and increased wall stress previously at the basal LV level. Whereas in more advanced disease stage, during which the ventricle develops a progressive chamber enlargement and more spherical geometry, basal systolic rotation becomes reduced more without a further increase in apical rotation, resulting in LV twist reduction.
In AR, the majority of LV deformation and rotational parameters significantly correlated with standard echocardiographic LV dimensions. Our data confirmed that LV dilation caused the reduction of longitudinal, radial LV deformation, and basal LV rotation, whereas global longitudinal and radial strain, and LV systolic diameter were the independent predictors of LV ejection fraction. Our study showed that LV twist and torsion were inversely associated with LV size in the control patients, and in diastole, a higher excursion of systolic basal rotation and LV torsion were associated with greater E/E' ratio. As previously reported in the literature, systolic apical and basal rotations accumulate additional potential energy that is released for improving diastolic suction (19, 20) , and the increased LV torsion in systole is associated with mild diastolic dysfunction. Interestingly, our data showed that diastolic function in healthy persons was associated with LV rotation function, but in the patients with AR, signs of diastolic dysfunction were associated additionally with longitudinal LV dysfunction. Our results showed that E/A ratio did not differ significantly between the groups, but E/E' ratio was significantly increased in severe AR. This might indicate that diastolic function in severe AR tends to pseudonormalization, when E/A ratio is predicted by systolic basal rotation rate, diastolic apical rotation rate, diastolic longitudinal strain rate, and left atrium size. Systolic longitudinal strain is most reduced in severe AR and can be associated with more severe diastolic dysfunction. The parameter of longaxis dysfunction -longitudinal deformation -was found to be an independent predictor to E/E' ratio in severe AR and could be one of the indices of increasing LV filling pressure.
Clinical Implications. Patients with severe AR and symptoms have a poor prognosis (21) (22) (23) . Patients at risk of future symptoms, death, or LV dysfunction should be identified based on noninvasive testing (24) . Early detection of LV systolic dysfunction, assessment of diastolic function, and later observation for the reduction of the compensatory mechanisms in patients with chronic AR could be taken into account for further patients' care and clinical decisionmaking.
Limitations. About 20% of all investigated persons were not included into the study due to a poor acoustic window. In the cases of inadequate quality of echocardiographic images, the software cannot perform speckle-tracking analysis properly. This reason reduces the ability to perform analysis in all patients. The accuracy of rotation assessment by 2-dimensional speckle-tracking echocardiography may be limited by the ability to image the most apical and basal planes (25) .
Conclusions
Reduced left ventricular systolic longitudinal strain with an increased apical rotation and preserved radial function derived by speckle-tracking analysis were present in asymptomatic patients with moderate aortic regurgitation. A significant reduction in left ventricular systolic radial strain and lower basal systolic rotation as well as reduced longitudinal strain were found to be associated with severe aortic regurgitation. Left ventricular diastolic filling depended on diastolic and systolic left ventricular strain and rotation components in patients with aortic regurgitation. acknowledgments Part of the study was funded by a grant from the Lithuanian Science Council (grant No. LIG-10009).
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